Recent Advances in the Development and Application of Power Plate Transducers in Dense Gas Extraction and Aerosol Agglomeration Processes  by Riera, E. et al.
 Physics Procedia  63 ( 2015 )  67 – 72 
Available online at www.sciencedirect.com
1875-3892 © 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Ultrasonic Industry Association
doi: 10.1016/j.phpro.2015.03.011 
ScienceDirect
43rd Annual Symposium of the Ultrasonic Industry Association, UIA Symposium 2014 
Recent advances in the development and application of power plate 
transducers in dense gas extraction and aerosol agglomeration 
processes 
E. Rieraa, A. Cardonib, J. A. Gallego-Juáreza,b, V. M. Acostaa, A. Blancoa, 
G. Rodrígueza,b, M. Blascoc, L. E. Herranzd 
aGrupo de Sistemas y Tecnologías Ultrasónicas, Dpto. de Sensores y Sistemas Ultrasónicos, ITEFI, CSIC, Serrano 144, E28006-Madrid, Spain 
bPUSONICS S.L., Pico Mulhacen, 34,E28500-Arganda del Rey, Madrid, Spain 
cCentro Tecnológico Ainia, Benjamín Franklin 5-11, E46980-Paterna, Valencia, Spain 
dUnidad de Seguridad Nuclear, División de Fisión Nuclear, CIEMAT, Avda. Complutense, 22, E28040-Madrid, Spain 
  
Abstract 
Power ultrasound (PU) is an emerging, innovative, energy saving and environmental friendly technology that is generating a 
great interest in sectors such as food and pharmaceutical industries, green chemistry, environmental pollution, and other 
processes, where sustainable and energy efficient methods are required to improve and/or produce specific effects. Two typical 
effects of PU are the enhancement of mass transfer in gases and liquids, and the induction of particle agglomeration in aerosols. 
These effects are activated by a variety of mechanisms associated to the nonlinear propagation of high amplitude ultrasonic 
waves such as diffusion, agitation, entrainment, turbulence, etc. During the last years a great effort has been jointly made by the 
Spanish National Research Council (CSIC) and the company Pusonics towards introducing novel processes into the market based 
on airborne ultrasonic plate transducers. This technology was specifically developed for the treatment of gas and multiphasic 
media characterized by low specific acoustic impedance and high acoustic absorption. Different strategies have been developed 
to mitigate the effects of the nonlinear dynamic behavior of such ultrasonic piezoelectric transducers in order to enhance and 
stabilize their response at operational power conditions. This work deals with the latter advances in the mitigation of nonlinear 
problems found in power transducers; besides it describes two applications assisted by ultrasound developed at semi-industrial 
and laboratory scales and consisting in extraction via dense gases and particle agglomeration. Dense Gas Extraction (DGE) 
assisted by PU is a new process with a potential to enhance the extraction kinetics with supercritical CO2. Acoustic 
agglomeration of fine aerosol particles has a great potential for the treatment of air pollution problems generated by particulate 
materials. Experimental and numerical results in both processes will be shown and discussed. 
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1. Introduction 
In order to obtain an efficient transmission of energy in gas media, it is necessary to achieve a good impedance 
matching between the radiator and the gas medium, large amplitude of vibration and high-directional beams for 
energy concentration. Power transducers driving extensive radiators may achieve all these requirements in one 
device opening up new industrial opportunities. During last years, the Research Group of Systems and Ultrasonic 
Technologies (GSUT-CSIC) and the company Pusonics SL have been involved in the study, development and 
fabrication of innovative power ultrasonic systems for the propagation of high intensity acoustic waves in gases, and 
in the investigation of the applicability of these novel devices to food and environmental processes. The structure of 
this type of power transducers basically consists of a longitudinally tuned ultrasonic piezoelectric converter attached 
to a mechanical transformer acting as a vibration amplifier, coupled to an extensive plate radiator resonating in a 
flexural mode. To scale-up this technology at industrial stage there are important problems to overcome such as 
controlling the undesired effects due to the nonlinear behaviour of tuned devices driven at high power (Gallego-
Juárez et al.,; 2008, Cardoni et al., 2009). For this purpose different strategies have been developed in order to 
enhance and stabilize the dynamic characteristics of ultrasonic assemblies at nominal power conditions.  
This work deals with the last advances in the nonlinear control of piezoelectric power transducers. Also two new 
processes assisted by PU developed at semi-industrial and laboratory scales are presented. These are extraction with 
dense gases and fine particle agglomeration. DGE processes assisted by PU have the potential to enhance the 
extraction kinetics with supercritical CO2 preserving the quality of the extracted product (Riera et al., 2004, 2010a, 
2012). Acoustic agglomeration (AA) of aerosol particles by PU has a great potential for mitigating the impact of air 
pollution by fine particulate matter generated by industrial plants in daily operations or in the occurrence of severe 
accidents (Albiol et al., 2013). 
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Figure 1. (a) Schematics of an ultrasonic plate-transducer; (b) 2D axi-symmetric FEM of the plate; (c) Predicted tuned 
plate mode 
2. Recent advances in the characterization of power plate transducers 
Circular stepped-plate transducers used for either coherent or focused radiation are made up of a circular radiator 
tuned in a specific axisymmetric flexural mode driven at its centre by a length expander piezoelectric vibrator, as 
shown in Figure 1(a). The design of this type of assemblies is typically carried out by Finite Element Methods 
(FEM). Figure 1(b) shows a 2D model of the directional stepped profile (top face) and the focused grooved profile 
(back face) of a circular stepped-plate radiator. In Figure 1(c) the modal shape of the tuned mode of the plate 
radiator calculated at 25.7 kHz is illustrated. The measurement of the plate vibration velocities was conducted by 
using a laser vibrometer (Polytec CFV055) in order to validate the numerical predictions for the plate-transducer 
dynamics.  
It is well known that the vibration behaviour of ultrasonic devices driven at high power is often characterized by 
surprising phenomena which cannot be predicted by FEM or detected at low power by impedance analysers. 
Nonlinear effects of transducers such as saturation of the operational mode and tuned frequency shifts are largely 
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due to the inherent nonlinear compliance of the PZT elements (Aurel et al., 1996; Umeda et al., 1999). In addition, 
thermal increases occurring in the piezoceramics due to dielectric, mechanical and piezoelectric losses add up to the 
nonlinear characteristics of PU devices (Umeda et al., 1999). Recently, it has also been shown that the joints 
connecting the tuned components of an ultrasonic assembly are also responsible of nonlinear behaviour. In order to 
separate the nonlinear response of power transducers caused by elastic nonlinearities from PZT heating effects, the 
authors have developed an experimental procedure to characterize the dynamic responses of tuned devices via non-
continuous (burst) excitations. The experimental rig used for dynamic testing of ultrasonic transducers is shown in 
Figure 2. The transducer response is measured in terms of vibration velocity and current flowing across the 
piezoelectric stack. Vibration velocities are measured on the top face of the radiating surface of the transducer plate 
in axial direction using a laser scanning vibrometer (Polytec PSV-100). PZT temperature is monitored by an infrared 
probe. Time and frequency domain representations of the measured current and velocity responses may be viewed 
on the screen of a Tektronix Oscilloscope (DPO 7054).  
 
Figure 2 Diagram of the rig for vibration testing of the ultrasonic piezoelectric transducer 
     Moreover, a LabView program has been specifically developed to control the signal generator and power 
amplifier used to excite ultrasonic transducers. The electrical parameters such as current, applied voltage, impedance 
and frequency (I, V, Z, f) may be monitored with this set up. In high power operations, undesirable nonlinear effects 
such as modal interactions and bifurcations can also be produced. It has been experimentally proved that modal 
interactions can occur among untuned modes and the tuned frequency of the transducer if special relationship exists 
between modal frequencies. The incidence of modal combinations increases with the complexity of the tuned 
system. It has been observed that the close proximity of spurious modal frequencies to the tuned frequency may be 
responsible for triggering modal interactions between well separated modes as well as between close modes. 
Therefore, different strategies to control and mitigate such problems have been investigated. Hence, geometrical 
modification of plate radiators by FEM has been proposed to avoid modal interactions between close modes and of 
the autoparametric type. Also the location of the piezoelectric elements incorporated in sandwich transducers has 
been studied with the aim of mitigating typical softening response characteristics (Riera et al., 2010b). 
3. Application in the food processing. Ultrasound-assisted dense gas extraction (DGE) 
Dense gas extraction (DGE) is a technology based on the use of gases under supercritical conditions as solvents. 
CO2 under supercritical conditions is considered nowadays as an excellent solvent for product extractions from 
vegetables. Extraction with supercritical carbon dioxide is a technology which has gained wide acceptance as an 
alternative to conventional solvent extraction processes being non-toxic, recyclable, cheap, relatively inert and non-
flammable method). Extraction of almond-oil, cocoa cake-oil, adlay seed-oil and pungent from ginger, antioxidant 
components, and colorants are good examples giving an idea of the potential this technology. Nevertheless, the 
economics of dense gas extraction is affected by the slow kinetics of the process. Since high pressures are required 
in DGE, it is difficult to use mechanical stirring to enhance mass transfer. The application of PU to assist DGE has 
proved to be an effective asset capable of producing important benefits. Among these benefits, due to mechanical 
effects induced by the ultrasound in the supercritical environment, radiation pressure, streaming and agitation are the 
most important. 
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As far as we know the investigation of power ultrasound to enhance mass transfer in extraction processes with 
supercritical CO2 so far has been limited to small-scale applications where extraction units of few grams or 
milligrams of product capacities are used. Nevertheless, the authors of this work have been able to scale-up a DGE 
ultrasonic systems initially developed for 5L capacity applications up to 20L capacities. To optimize DGE processes 
assisted by PU the influence of the main parameters involved in the operation have been investigated. For this 
purpose a special robust and low cost PU-DGE system prototype has been designed and built. As showed in Figure 
3, the prototype is constituted by two parts: the ultrasonic system (including a power transducer and an electronic 
generator) and the supercritical fluid extraction installation (developed by AINIA, Valencia). 
 
 
 
Figure 3 Scheme of the experimental set-up for PU assisted DGE. 
Units: (E) 5L extractors, (S) separators, (C) cooler, (P) high 
pressure pump, (H) heater, (PT) pressure meter, (FT) flow meter, 
(UST) ultrasonic transducer. Electrical Parameters: (V) voltage, 
(I) current. Extraction Parameters: (T) temperature, (P) pressure, 
(F) CO2 flow rate, (D) density. 
Figure 4 Pilot plants for DGE processes assisted by PU: (a) 5L 
extractor unit with one basket/extractor; (b) 20L extractor unit with 
two baskets/extractor. 
 
3.1. Power ultrasonic systems for 5 liters and 20 liters extractor units 
 
Initially, in order to evaluate the effect of power ultrasound on the kinetics DGE at lab scale, an ultrasonic 
transducer designed to operate at 19.2 kHz with a power capacity of 110W was installed in a 5 L extraction unit. 
The transducer designed by FEM (ANSYS®-COMSOL®) was of a Langevin type. Figure 5 shows a part of the 
transducer mechanically coupled to the extractor top part (lid). To characterize the electrical and mechanical 
behaviour of the ultrasonic transducer, it was first electrically studied in water and in air media using an impedance 
analyser (HP 4195A). Subsequently, the transducer behaviour was characterized when operated in the extraction 
vessel at supercritical conditions. Such a behaviour characterization was conducted in real time by means of a virtual 
high-power impedance analyser developed with LabView.  
 
 
 
Figure 5. Langevin transducer assembly for 5L  
dense gas extraction vessel with supercritical CO2 
Figure 6. Plate transducer assembly for 20L dense gas 
extraction vessel with supercritical CO2 
 
In this way, the transducer behaviour during the extraction process as well as the enhancement of the kinetic 
curves and the oil extraction yields of was analysed for different substrates. The effect of PU on the yield of 
(b
(a) 
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extracted oil was quantified at 280 bar, 45 ºC and a CO2 flow rate of 12.5 kg/h for particulate almonds with diameter 
in the range of 3-4 mm. The yield improvement obtained via PU application was of about 90% (Riera et al., 2010a). 
Therefore, the positive effect of the application of ultrasonic energy in the DGE processes was clearly demonstrated. 
A new prototype PU transducer prototype to be installed inside a 20L extraction unit was designed and 
fabricated. The developed power transducer was of the plate radiator type. The structure of such transducer consists 
of a piezoelectrically activated vibrator which drives a circular grooved radiator in a flexural mode with three nodal 
circles at 21.6 kHz. This prototype had a power capacity of 300 W when operated under 500 bar pressures. The 
transducer mounted in the DGE unit allowed to process 1.5 kg of almond material per basket. Figure 6 shows the 
lateral view of the plate transducer placed on the upper lid of the vessel. 
4. Application in environmental pollution. Acoustic agglomeration of fine aerosol particles. 
The application of a high intensity acoustic field to an aerosol may originate a coagulation process of the 
suspended particles that is known as acoustic agglomeration or ultrasonic agglomeration if, as often occurs 
specifically with the very fine particles, the process takes place at an ultrasonic frequency range. Practical uses of 
aerosol agglomeration processes have been mainly focused on environmental applications. Removal of particles 
from gas emissions is one of the most important problems in air pollution abatement. Specifically very fine particles 
(less than about 2.5 microns), that are difficult to remove by conventional separation technology, constitute a major 
health hazard. Besides industrial emissions, large amount of hazardous material in the form of micron and 
submicron aerosols can be released into the atmosphere following industrial or nuclear accidents or even in the 
event of a fire, as it happened in Bhopal (chemical plant accident 1984), Chernobyl (nuclear power plant accident 
1986), the Gulf War (oil wells fire 1991) and Fukushima (nuclear power plant 2011) (Riera et al., 2014). After the 
Fukushima accident one of the main objectives of the nuclear industry is the improvement of source term mitigation 
systems and/or the search for new mitigation systems. 
In the frame of the EU-PASSAM project (grant agreement No. 323217 – Euraton FP7) two Spanish institutions 
CIEMAT and CSIC are involved in the investigation of the applicability of an innovative acoustic system for source 
term mitigation in the case of severe accident conditions that could occur in a nuclear power plant [6]. The main 
goal of this work is to investigate the performance of an acoustic agglomerator system at lab-scale under conditions 
as close as possible similar to those prevailing under containment venting. To achieve this goal the following 
specific objectives have to be reached: a) to adequately design, develop, set-up and integrate an acoustic 
agglomeration system at 21 kHz in an experimental facility for the generation and characterization of aerosols; b) to 
measure the aerosol growth and precipitation before and after agglomeration and c) to find out the best operational 
conditions of the acoustic agglomeration system to work with aerosols taken as a model of those present in accident 
scenarios. Two power ultrasonic plate transducers tuned at 21 kHz and operated at 300W have been located along 
the vertical axis of an agglomeration chamber to generate an intense ultrasonic standing wave field perpendicular the 
gas flow. Figure 7 shows the rig of the experimental test facility developed and built. The experimental tests to study 
the influence of the main parameters of the aerosol and the acoustic field involved in the process will be carried out 
along the second semester of 2014. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 Diagram of the rig for acoustic agglomeration testing at 21 kHz 
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5. Conclusions 
An experimental strategy to characterize the nonlinear behavior of power piezoelectric transduces has been 
presented, and an overview on the strategies developed to mitigate nonlinear behavior of power transducers 
provided. Also, the performance of two innovative systems for ultrasonic application in DGE processes at lab and 
pilot plant scales have been described. These novel systems proved the beneficial effects of ultrasonic energy in 
DGE processes.  
Finally, an acoustic agglomeration system developed at pilot plant scale as an innovative system for source term 
mitigation for severe accidents of nuclear power plants was presented. 
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